Vacancy Formation Energy for the Charged and Neutral States of TlGaSe₂ Crystal by Ismayilova, N.A. & Orudzhev G.S.
657 
 
PACS numbers: 61.72.jd, 71.15.Ap, 71.15.Mb, 71.15.Nc, 71.20.Nr, 74.62.Dh 
Vacancy Formation Energy for the Charged and Neutral States  
of TlGaSe2 Crystal 
N. A. Ismayilova
*
 and G. S. Orudzhev
*,** 
*Institute of Physics (Innovation Sector),  
 131 H. Javid Ave.,  
 Az-1143 Baku, Azerbaijan 
**Azerbaijan Technical University,  
  25 H. Javid Ave.,  
  Az-1073 Baku, Azerbaijan 
Electronic band structure and defect formation energy of TlGaSe2 are studied 
using density functional method within the Local Density Approximation. 
Calculated band structure shows that the top of valence band and the bottom 
of conduction band locate at the symmetry point  and along the symmetry 
line –Y, respectively. The defect formation energy is calculated as the dif-
ference between the total energy of a stable structure and the relaxed defect 
structure at constant volume. Calculation is done for the five charge states: 
2, 1, 0, 1, 2. Energies of vacancies’ (VTl, VGa, VSe) formation are deter-
mined for the TlGaSe2 crystal consisting of 63 atoms for the various charge 
states as a function of Fermi energy. The calculated optical properties indi-
cate that the optical energy gap is increased due to the Se and Tl vacancies. 
Key words: density functional theory, local density approximation, charged 
vacancy, defect formation energy, Fermi level. 
Електронна структура зон та енергія утворення дефектів кристалу 
TlGaSe2 вивчалися з використанням методи функціонала густини в на-
ближенні локальної густини. Одержані з розрахунків електронного спек-
тра кристалу у LDA-наближені результати показали, що дно зони провід-
ности та стеля валентної зони розташовані в центрі Бріллюенової зони (у 
симетрійній точці ) та вздовж симетрійної лінії –Y відповідно. Енергія 
утворення дефекту обчислюється як ріжниця між повними енергіями 
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стабільної й оптимізованої дефектної структур при постійному об’ємі. Ро-
зрахунки було виконано для п’ятьох зарядових станів: 2, 1, 0, 1, 2. 
Було встановлено енергії формування вакансій VTl, VGa, VSe у кристалі 
TlGaSe2, який складається з 63 атомів, для різних зарядових станів, за-
лежно від рівня енергії Фермі. Обчислені оптичні властивості показують, 
що оптична енергетична щілина збільшується через вакансії Se та Tl. 
Ключові слова: теорія функціонала густини, наближення локальної гус-
тини, заряджені вакансії, енергія утворення дефекту, рівень Фермі. 
Электронная структура зон и энергия образования дефектов кристалла 
TlGaSe2 изучались с использованием метода функционала плотности в 
приближении локальной плотности. Полученные из расчётов электрон-
ного спектра кристалла в LDA-приближении результаты показали, что 
дно зоны проводимости и потолок валентной зоны расположены в центре 
зоны Бриллюэна (в симметрийной точке ) и вдоль симметрийной линии 
–Y соответственно. Энергия образования дефекта вычисляется как раз-
ность между полными энергиями стабильной и оптимизированной де-
фектной структур при постоянном объёме. Расчёты были выполнены для 
пяти зарядовых состояний: 2, 1, 0, 1, 2. Были установлены энергии 
формирования вакансий VTl, VGa, VSe в кристалле TlGaSe2, состоящем из 63 
атомов, для различных зарядовых состояний в зависимости от уровня 
энергии Ферми. Вычисленные оптические свойства показывают, что оп-
тическая энергетическая щель увеличивается из-за вакансий Se и Tl. 
Ключевые слова: теория функционала плотности, приближение локаль-
ной плотности, заряженные вакансии, энергия образования дефекта, уро-
вень Ферми. 
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1. INTRODUCTION 
The compound TlGaSe2 is a representative of the class of triple chalco-
genide semiconductors with the general formula А
IIIВIII VI2C  (A  Tl; 
B  Ga, In, Fe; C  S, Se). In recent years, the semiconductor compound 
TlGaSe2, as well as its structural analogue TlInS2, is studied rather in-
tensively. They attract interest because of structural phase transitions 
found in these crystals. According to the data of [1–5], at room tem-
perature and atmospheric pressure, TlGaSe2 has a layered monoclinic 
structure (space group C2/c) with the parameters a  10.772 Å, 
b  10.771 Å, с  15.636 Å,   100.06. The layers are formed by 
Ga4Se10 tetrahedra connected to each other by selenium atoms and in 
turn consisting of four small GaSe4 tetrahedra. The optical properties 
of the TlGaS2, TlGaSe2, and TlInS2 crystals have been investigated 
through transmission and reflection measurements in the wavelength 
range of 400–1100 nm. Optical indirect and direct band gap energies 
are 1.97 and 2.26 eV [6]. Formation of defect states in the TlGaSe2 
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band-gap due to different chemical elements is, however, unclear as 
TlGaSe2 retains the p-type conductivity under any doping conditions 
[7–11]. It is speculated that impurity atoms tend to segregate and self-
compensate at the abundant stacking faults occurring at an every 
fourth layer [5]. The most comprehensive studies were done regarding 
Fe impurities in TlGaSe2. X-ray diffraction revealed that few percent 
of Fe impurities have a weak effect on the crystalline structure and 
orientation [11]. The result of the work [12] revealed that Fe impuri-
ties form the distinct deep band-gap levels but have a weak effect on 
the formation of the fundamental absorption edge. 
 The electronic and magnetic properties of ternary TlGaS2 crystal 
with alone vacancy or their clusters were studied by means of first-
principle (ab initio) approximation. It was shown that presence of S-
vacancy clusters narrows the band gap of TlGaS2 crystal significantly, 
while Tl-vacancy clusters increase it slightly [13]. In the listed papers, 
the electronic spectrum of crystal doped with impurity and consisting 
with cluster vacancies were studied. In our opinion, it will be interest-
ing to study the electronic spectrum of crystal consisting of neutral 
and charged vacancies and compare our result with previous investiga-
tion. 
2. METHOD OF CALCULATION 
Our calculations were performed for the primitive cell of TlGaSe2, and 
for the supercell consisting from 64 atoms. Calculation has been done 
by Atomistix Tool Kit program software [14] using Local Density Ap-
proximation (LDA) [15]. The electron–ion interactions were taken into 
account through the HGH (Hartwigsen–Goedekker–Hutter) pseudopo-
tentials. The numbers of the electrons treated as valence electrons were 
as follow: 13 for Tl [Xe]4f
45d106s26p1, 13 for Ga [Ar]  3d
104s24p1and 6 
for Se [Ar]3d
10
  4s
24p4. 
 The Perdew–Burke–Erenzhorf (PBE) exchange–correlation func-
tional and Double Zeta Polarized basis sets were used in our calcula-
tions. The kinetic cut-off energy was 150 Ry. The primitive cell of 
TlGaSe2 was relaxed and optimized with force and stress tolerances of 
0.003 eV/Å and 0.003 eV/Å
3, respectively. Defects in the supercell 
were allowed to relax in constant volume until the forces were below 
0.05 eV/Å. 
3. RESULTS AND DISCUSSION 
The primitive cell contains 8 formula units. Unit cell parameters and 
reduced coordinates of atoms inside the unit cell (in units of the corre-
sponding parameters of monoclinic unit cell) taken from [16, 17], and 
660 N. A. ISMAYILOVA and G. S. ORUDZHEV 
our optimized data are given in Tables 1 and 2. 
 From calculated band structure with LDA approximation, the top of 
valence band and the bottom of conduction band were shown to be lo-
calized at different points on the surface of the Brillouin zone. At the 
symmetry point , there is located top of valence band and, along 
symmetry –Y line; there is located bottom of conduction band (Fig. 
1). This, in their turn, indicates that TlGaSe2 is an indirect gap semi-
conductor with the indirect gap from  to –Y line of 0.87 eV, while 
the direct gap at the -point is 0.99 eV. Indirect scenario of bands at 
the energy gap is favoured by other works, e.g., [18–21] too. However, 
the particular indirect schemes vary from work to work according to 
the earlier works [18, 19]: the additional valence band maximum on Y 
line might be responsible for the indirect scenario. Nevertheless, the 
later works [20, 21] and the present calculations, which used more ad-
vanced computation techniques, commonly advocate the conduction 
band bottom that is not in -point. At the same time, the just men-
tioned works specify different positions of this bottom in the BZ. Nev-
ertheless, the indirect scenario is hardly doubtful and the off-zone-
centre conduction band bottom likewise. 
 In this work, we aimed to examine the formation energy of TlGaSe2 
semiconductors with supercell of 64 atoms for the various charge 
TABLE 1. Experimental and optimized unit cell parameters of TlGaSe2. 
Cell parameters a, Å b, Å c, Å ,  
Experimental [16] 10.772 10.771 15.636 100.06 
Experimental [17] 10.879 10.797 15.707 100.47 
Optimizations 10.552 10.557 15.289 99.97 
TABLE 2. Experimental and optimized atomic coordinates of TlGaSe2. 
Atom xopt yopt zopt xexp yexp zexp 
Tl1 0.6591 0.7580 0.1069 0.6517 0.7253 0.1078 
Tl2 0.3049 0.8424 0.6180 0.2776 0.845 0.6158 
Ga1 0.5830 0.7857 0.8380 0.5861 0.7899 0.8378 
Ga2 0.2141 0.4169 0.3310 0.21 0.9178 0.3391 
Se1 0.9280 0.9280 0.2499 0.9295 0.9295 0.25 
Se2 0.4619 0.4619 0.25 0.4468 0.4468 0.25 
Se3 0.6410 0.2103 0.0620 0.6417 0.2323 0.0695 
Se4 0.4543 0.9224 0.2498 0.447 0.9294 0.2508 
Se5 0.7317 0.8563 0.5623 0.7665 0.8583 0.5732 
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states for the Tl, Ga and Se vacancies. 
 If the vacancy is charged, the formation energy further depends on 
the Fermi level (EF), which is the energy of the electron reservoir, i.e. 
the electron chemical potential [22]. In the case of charge vacancy, the 
formation energy is given by: 
 
 tot tot 2 VBM
I
( ) ( ) TlGaSe ( ),
( / ) [ ( ; 0) ( ; 0)]/( ),I
F q q
a a a F
F F I
q F Fq
E V E V E q E E
q q E V E E V E q q
     
     
 (1) 
where ( )
F q
a
E V  is the total energy of a supercell containing the vacancy 
in the charge state q,  tot 2TlGaSeE  is the total energy of a TlGaSe2 
perfect crystal in the same supercell, and a is a-atoms chemical poten-
tial corresponding to the defect-free supercell energy per atom. Ex-
pressions similar to equation (2) apply to all the native point defects. 
The Fermi level EF is taken with respect to the valence-band maximum 
and can vary from 0 to Eg, where Eg is the fundamental band gap. We 
calculated ( )
F q
aE V  for five charge states of the vacancy defects: 2, 1, 
0, 1, 2. In our calculation, transition level 
I
( / )q q  is defined as the 
Fermi-level position, for which the formation energies of charge states 
q and q
I
 are equal [22]; 
I
( / )q q  can be obtained from: 
 I
I I
( / ) [ ( ; 0) ( ; 0)]/( ),
F F
q F Fq
q q E V E E V E q q       (2) 
 
Fig. 1. Calculated electronic structure within the LDA by the HGH pseudopo-
tential. 
662 N. A. ISMAYILOVA and G. S. ORUDZHEV 
where ( ; 0)
F
q FE V E   is the formation energy of the defect V in the 
charge state q, if the Fermi level is at the valence band maximum 
EF  0. 
 The experimental significance of this transition level is that for the 
Fermi-level positions below 
I
( / ),q q  charge state q is stable, while for 
the Fermi-level positions above 
I
( / ),q q  charge state q
I
 is stable [12]. 
In Figure 2 (Ga-rich limit), the slope of the line changes from 1 to 2 
at the intersection of lines with q  1 and q  2. For the Ga-rich condi-
tion, the energy of intersection will be denoted by ( 1/ 2).    The q  1 
state is more stable when ( 1/ 2),FE      and the q  2 is favourable 
when ( 1/ 2).FE      The calculated transition energy level for Ga is 
E  0.15 eV. In Figure 2 (Se-rich limit), energy of intersection will be 
denoted by (0 / 2)   for the Se rich condition, where (0/ 2),FE     
corresponds to more stable q  0 state and the q  2 is favourable when 
(0/ 2).
F
E     Transition energy level for Se is E  1.1 eV. Tl-rich limit 
(Fig. 2) describes the line changes from 1 to 2 at the intersection of 
lines with q  1 and q  2 for the Tl vacancy. In this case, the q  1 
state is more stable when ( 1/ 2),FE      and the q  2 is favourable 
when ( 1/ 2).FE      Transition energy level for Tl is E  1.1 eV. 
 As a result, Tl(1/2)  1.1 eV, Ga(1/2)  0.15 eV, Se(0/2)  1.1 
eV; from obtaining values, it was obvious that, in arbitrary positions 
of the Fermi level within the band gap, in Tl and Se vacancies, no tran-
sitions occur from the one charge state to another. Thus, Se vacancy 
remains in a neutral q  0 state; Tl vacancies remain in a q  1 charge 
state. In Ga vacancy, transitions occur from 1 charge state to 2 
charge state in the position Fermi energy 0.15 eV. According to the re-
sults by electronic spectrum for the neutral and charged defect cases, 
width of forbidden gap increases for the neutral Tl vacancies (direct 
 
Fig. 2. Dependence of DFE of the VTl, VGa and VSe vacancy on charge states as a 
function of Fermi energy for the crystal consisting of 63 atoms. 
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gap from 0.99 eV to 1.42 eV, indirect gap from 0.87 to 1.13 eV) and for 
the neutral Se vacancies (direct gap from 0.99 eV to 1.68 eV, indirect 
gap from 0.87 to 1.34 eV). While in the case of neutral In vacancy, the 
width of forbidden gap decreases (direct gap from 0.99 eV to 0.86 eV, 
indirect gap from 0.87 to 0.78 eV). This result contradicts the results 
of Ref. [13], since in their case presence of S-vacancy clusters narrows 
the band gap of TlGaS2 crystal significantly while Tl-vacancy clusters 
increase it slightly. In addition, it should be noted that, with positively 
charged vacancies, in all cases, the width of forbidden gap increases 
and, for the negative charged vacancies, the width of forbidden band is 
decreased. 
4. CONCLUSION 
In this article, we present the results of electron spectrum and DFE 
calculations for the TlGaSe2 crystal from the first principle in the 
framework of density functional theory. Investigation showed that 
TlGaSe2 is an indirect gap semiconductor with the indirect gap from  
to –Y line of 0.87 eV and the direct gap at the -point is 0.99 eV. Elec-
tronic spectra for the neutral and charged defect were cased; width of 
forbidden gap increases for the neutral Tl and neutral Se vacancies, 
while, in the case of neutral In vacancy, the width of forbidden gap de-
creases. It was found that the greatest defect formation energy is re-
vealed in the case of the Ga vacancy. By increasing the degree of posi-
tive charged defect, it is possible to achieve an increase in the band 
gap. 
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